Abstract-The induction motor is the principal source of the workhorse [1] in the industry. However, due to its high non linearity, a high-performance control of induction motor remains a challenge for the automation. In this paper, we present a robust solution for the observer and control of the induction machine taking into account the iron losses. The proposed technique is based on Lyapunov theory and application of the bilinear matrix inequalities framework. Thus, an adaptive mechanism is introduced to cover not only uncertainty parameters but also the rotor speed which is derived from the satisfaction of the first condition of the Lyapunov theory. The observer gain is calculated by solving the bilinear matrix inequality (BMI) to satisfy the second condition of Lyapunov. Some simulation results are given to demonstrate the robustness and performance of the proposed solution.
I. INTRODUCTION
An analysis of energy consumption in industrialized countries [1] shows that the induction motors are considered the main source of mechanical energy. Because of its simplicity, reliability and efficiency, it is the type of engine most commonly employed for industrial use.
The technological evolution realized in digital calculators (DSP, µC) and power electronics permit the appearance of high-performance control technology for the induction machine. These methods are mainly based on the theory of vector control. In the literature, there are two techniques of field-oriented control, Indirect Field-Oriented Control (IFOC) [2] , [3] and a Direct Field-Oriented Control (DFOC) [4] , [5] . Both control strategies, led to decouple the stator current components, responsible for electromagnetic torque production and the flux. This achieves independent control of flux and electromagnetic torque.
The simplest structure of the squirrel cage motor hides some control engineering problems such as the uncertainty and inaccessibility of a number of these parameters and the state variables for the direct measurement as the rotor flux. High-performance control of induction motor requires a realtime knowledge of the evolution of its states and parameters, because these affect directly the developed torque. The scientific community developed many solutions to estimate the unmeasured variables (rotor flux and resistance) from measured quantities such as terminal stator voltage and current. For reasons of reliability and/or safety, many industrial applications require the reduction of the number of sensors such as that of the speed. To improve the robustness of the control system, many advanced solutions have been developed in the literature. A signifiant number of solutions for induction motor control combines the mechanical speed estimation and parameter adaptation as the rotor resistance [1] , [6] , the rotor time constant [7] , [8] , stator resistance [1] , [9] . However, a few solutions [10] , [11] that are interested in the monitoring of iron loss resistance. In this context, we have developed in this paper a robust rotor flux observer combined with motor parametric adaptation mechanism such as the iron loss resistance. The rot flux observer gain as well as the adaptation mechanism is based on the Lyapunov theory. In order to optimize the DSP calculation load, we impose a constant observer gain for the entire operating range of the induction motor.
The paper is organized as follows. Section 2 presents the dynamic model of used induction motor in α − β fixed frame linked to the stator; a brief review of the theory of field oriented control is given in Section 3. The proposed full order observer and the adaptive mechanisms of speed and parameters of three-phase squirrel cage motor are detailed in section 4. In section 5, the results are evaluated using a numerical simulation under Matlab/Simulink framework. Finally, some conclusions and perspectives are proposed.
II. MATHEMATIC MODELING OF INDUCTION MOTOR TAKING INTO ACCOUNT IRON CORE LOSS
In this section, we present the mathematical model of a three-phase squirrel cage induction motor taking into account the iron core losses. In [12] the authors emulate the iron losses by a fictive resistance (R c ) incorporated in parallel to the input of per phase equivalent circuit of the motor (Figure1). The nominal physical parameters of the induction motor are given in Table I . Under the assumption of linear magnetic circuits, the dynamic of the induction motor is described by the following state space representation in α − β frame (ω e = 0).
where
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The electromagnetic torque developed by the three-phase induction motor can be expressed by the rotor flux and induced rotor currents. The Instantaneous electromagnetic torque in the α − β reference frame, can be calculated using the following equation
Let C 1 = 0 I , the rotor flux can be extracted from the state vector as follows
e s e r r Figure 1 . Per phase equivalent circuit of induction motor in arbitrary rotating reference frame taking core loss into account iron core loss Finally, from the relationship between the developed torque, the load and the mechanical speed of the rotor, we can express the dynamic motion as followṡ
where C r is the load torque on the shaft acting as a disturbance.
III. FIELD ORIENTED CONTROL
In the literature there exist two main techniques of fieldoriented control, the DFOC and IFOC. For our application, we have adopted the DFOC. The Figure 3 illustrates the block diagram of a proposed control system. The main advantage of the FOC is to decouple control current into two components; torque component (aligned with q-axis), and flux component (aligned with d-axis). Those components are commanded by reference flux and torque, respectively. In this section, we consider the coordinate's reference frame d − q locked to the rotor flux vector rotating at the stator frequency (ω e = ω s ). The developed torque by the three-phase induction motor can be re-expressed as follows.
By aligning the d-axis of the reference frame with the rotor flux vector, the electromagnetic torque can be expressed as follows: The dynamic of rotor flux can be modeled by the first-order differential equation (7) in the d − q frame
The relationship between the rotor and synchronous speed is defined as follows
IV. ROBUST ROTOR FLUX OBSERVER
In this section, we present the proposed full-order observer and its adaptive mechanisms based on the theory of Lyapunov for a three-phase squirrel cage-type induction motor.
A. Adaptive scheme for R c and R sc resistances Identification
The dynamic of the full-order observer (Figure 2 ) of the induction motor is given by the following equation :
where A (ω) = A + ωA ω ,Â = A + ∆A,B = B + ∆B,
The uncertain matrix'sÂ,B,Ĉ, andD are split in two parts; the first one corresponding to nominal operation point and the second one to unknown behavior and marked ∆( * ).
Let us define the estimation error as the difference between the estimated and the real states e = x −x . So from this definition and based on (1) and (9) the dynamic of state estimation error is given as followṡ e = (A + ∆A + ωA ω + ∆ωA ω )x + (Bv s + ∆Bv s ) +
By examining the influence of the variation of resistances of the three-phase induction motor, it is clear that ∆B ≈ 0, ∆C ≈ 0 and ∆D ≈ ∆R c I sice R s ≪ R c , So
The dynamic of estimation error can re-expressed in the following forṁ e = (A (ω) + HC) e + ∆Ax + ∆ωA ωx + H∆Dv s (12) In order to define the observer matrix gain H and the adaptive scheme, Lyapunov theorem is utilized. Either µ 1 , µ 2 and µ 3 three positives constants, the following Lyapunov function is defined as a candidate:
V (e, ∆ω, ∆R sc , ∆R c ) = e T P e+ ∆ω
Given that the variations of parameters of the induction motor and the rotor speed to the time scale of the observation is negligible (ω ≈ 0,Ṙ c ≈ 0 andṘ sc ≈ 0), after some calculation, the time derivative of V becomeṡ
where P = (A + ωA ω + HC) T P + P T (A + ωA ω + HC)
By the Lyapunov stability theory, the system is asymptotically stable if the time derivative of V is negative definite soV (e, ∆ω, ∆R c , ∆R sc ) < 0
The first condition of Lyapunov is
We can rewrite the first condition of Lyapunov in the following form 
Hence, the estimation error (12) is asymptotically stable, and then the stability of the state observer is ensured (the second Lyapunov condition is verified). The adaptive law is determined by
The adaptive laws for rotor speed, R sc and R c estimations are given as followŝ
Where K pv , K iv , K prsc , K irsc , K prc and K irc are the arbitrary positive gain
B. Observer Gain calculation
Now, let us introduce the observer gain synthetize method. From the above discussion, the proposed observer is asymptotically stable if the second Lyapunov condition (17) is verified. In other words the following linear matrix inequalities hold.
(A (ω) + KC)
T + (P A (ω) + KC) < 0
Where K = P H. This is an LMI with matrix variable K, which can be easily solved by using Matlab LMI Control Toolbox. The observer gain matrix can be obtained from
To validate the performances of the proposed solution, we provide a series of simulations using Matlab/Simulink framework. The diagram of the drive control is summarized in Figure 3 . The induction motor is powered by the optimized three-phase inverter bloc ASVM (Adaptive Space Vector Modulation). The block of ω l estimator provides the sleep frequency. The rotor Flux and induction motor parameters are estimated by the block of the adaptive observer. The reference stator tension in the d − q reference frame are generated by the bloc FOC.
The Figure 4 show the rotor current consumption in α, β reference frame. The Figure 5 illustrates the real and estimated rotor speed under torque load C r = 20N m. The load torque increased and decreased respectively at t = 0.8s and t = 2.5s (Figure 6 ), the estimated speed converges quickly to a real one ( Figure 5 ). The Figures 7 and 8 show the real and estimated of α and β components of rotor flux respectively, the simulation results show that the estimated rotor flux converges to real signals. The Figures 9 and 10 illustrate the tracking of fictive resistances R c and R sc , the adaptive mechanism presents a good performance in terms of tracking. 
VI. CONCLUSION
A robust full-order state observer for sensor-less three-phase induction motor drive has been developed in this paper. The proposed observer is combined with a simple mechanism to online tracking of the speed and some parameters of the induction motor. The numerical simulation is carried out to validate the proposed solution drive. Rated data of simulated induction motor are given in Table I . The observer gain matrix is obtained from solving an LMI by using LMI Toolbox of MATLAB. The simulation results show that, the convergence of the proposed robust full-order observer is guaranteed, as well as, estimated fictive resistances R c and R sc converges to actual values, and mechanical speed is controlled and estimated successfully.
